In the severely atrophied maxilla, implant anchorage in the zygomatic bone is considered a viable alternative to conventional dental implants with preceding bone augmentation procedures. The present microCT-based study compared the trabecular bone quality of the maxilla and zygomatic bone. MicroCT scanning was conducted in 12 halves of cadaver heads (5 male, 7 female) with edentulous, atrophied maxillae. Relevant trabecular bone quality parameters were determined in the anterior and posterior maxilla and in the zygomatic bone and compared by region and sex. Any difference in mean values between the anterior maxilla and the zygomatic bone was insignificant. Comparison of both with the posterior maxilla presented significantly higher values for bone volume fraction, surface density, and trabecular thickness and number, and significantly lower values for specific bone surface, structure model index, and trabecular separation. A significant sex-specific difference was not detected. The present microCT-based analysis is, to the best of our knowledge, the first intra-individual comparison of different implant anchorage sites for masticatory rehabilitation of the maxilla. The trabecular compartment of the zygomatic bone offered bone quality and, thus, an implant bed comparable with those of the anterior maxilla, and both were superior to the posterior maxilla.
Introduction
Since their introduction by Brånemark et al. (1969) , dental implants for tooth replacement have enjoyed great success. Modifications of design, material, and surface properties have resulted in an implant survival rate of approximately 93% 10 years after prosthetic rehabilitation (Pjetursson et al., 2004) . However, dental implants have limitations in patients with severe alveolar bone resorption after tooth loss. In particular, in the maxilla, where pneumatization of the maxillary sinus significantly adds to the total bone loss, more complex treatments are necessary to provide sufficient implant anchorage; bone augmentation procedures (eg, sinus floor elevation) are well established and predictable (Del Fabbro et al., 2008; Corbella et al., 2013) . However, they are associated with higher patient risk and morbidity (i.e., in extensive atrophic areas probably even with extra-oral bone retrieval donor site morbidity), higher costs, and prolonged treatment times; this creates opportunities for alternatives such as zygomatic implants.
Zygomatic implants were initially introduced for masticatory rehabilitation of the maxilla in cancer or trauma patients with severe defects in the upper jaw (eg, after hemi-maxillectomy) (Weischer et al., 1997) . In these cases, the zygomatic bone offered an alternative site for implant anchorage. Between two and four zygomatic implants, together with or without standard dental implants, in the anterior maxilla can be used for immediate or delayed prosthetic loading protocols (Malevez et al., 2004; Balshi et al., 2009; Candel-Marti et al., 2012; Davo et al., 2013; Esposito and Worthington, 2013; Goiato et al., 2014) . Although only approximately one-third of zygomatic implants are anchored within bone (Nkenke et al., 2003; Corvello et al., 2011; Balshi et al., 2012) , they present high survival rates. A recent systematic review (Goiato et al., 2014) evaluated 1541 zygomatic implants and reported a survival rate of 97.86% after 36 months; first 10-year results presented a cumulative survival rate of 95.12% (Aparicio et al., 2014) . Hence, zygomatic implants are a predictable alternative to restorations with standard dental implants with preceding bone augmentation procedures. However, for detailed evaluation of the advantages and disadvantages of these treatment options, highquality randomized controlled clinical trials are still warranted (Esposito and Worthington, 2013) .
Since the introduction of zygomatic implants, three surgical techniques have been developed. In the original one, according to Brånemark (1998) , the implant is positioned inside the maxillary sinus. This was followed by the slot technique (Stella and Warner, 2000) with a smaller access, and an exteriorized (or extrasinus) approach (Migliorança et al., 2006) , where the implant is positioned outside the maxillary sinus. The exteriorized technique has advantages in terms of reduced invasiveness, fewer sinus complications, less surgical time, fewer surgical steps, and most often an increased osteotomy length in the zygomatic bone (Corvello et al., 2011; Aparicio et al., 2013; Chrcanovic et al., 2013) . The technique chosen depends on the surgeon's preferences and, most of all, the patient's anatomy: an anterior maxillary wall which is only slightly concave would be best suited by the original technique, while a pronounced concavity suggests the exteriorized technique (Aparicio et al., 2010 (Aparicio et al., , 2013 Aparicio, 2011; Chrcanovic et al., 2013) .
The increase in our knowledge of maxillary and mandibular bone quantity and quality facilitated e and still facilitates e relevant improvements in standard dental implants, resulting in improved osseointegration and survival rates. For zygomatic bone, studies on its quantity are available (Uchida et al., 2001; Nkenke et al., 2003; Van Steenberghe et al., 2003; Corvello et al., 2011; Balshi et al., 2012) , but data on its quality are still scarce and, except for one histological study by Nkenke et al. (2003) , are restricted to Japanese populations (Kato et al., 2004 (Kato et al., , 2005 Yoshino et al., 2007) . Possible differences due to ethnicity (Uchida et al., 2001; Nkenke et al., 2003; Liu et al., 2011; Kim et al., 2013b; Putman et al., 2013) and the technique applied for bone analysis (histomorphometry vs. micro-computed tomography (microCT)) (Chappard et al., 2005; Bonnet et al., 2009) , and the lack of an intraindividual comparison with the maxilla, triggered the present microCT-based study to assess the trabecular bone quality of the zygomatic bone and compare it with the anterior and posterior maxilla.
Material and methods

Specimen fixation and preparation
The study protocol was approved by the ethics committee of the Medical University of Vienna (EK-Nr. 1713/2013). Twelve halves of human phenol-formaldehyde-fixed cadaver heads (5 male, 7 female) with edentulous, atrophied maxillae were included. The deceased had bequeathed their bodies to the Anatomical Institute of the Medical University of Vienna for medicalescientific research and training purposes. The fixation of the whole human corpses was performed by perfusion of the vascular system with a phenolformaldehyde solution (4.1% phenol and 2.1% formalin in water) for at least 24 h. Detailed data on age, time elapsed since tooth loss, regular wear of mandibular dentures, and intake of any medication affecting bone metabolism were not available. Before microCT scanning, the mandible was removed, and the upper parts were reduced as far as possible to the maxilla and the zygomatic bone, with care taken to preserve the naso-palatine canal for midpoint determination.
MicroCT scanning and definition of the volume of interest
All samples were scanned for structural analysis by microCT (Viscom XT9190-THP) (transmission tube, digital detector, voxel size 35 mm 3 , 120 kV, 400 mA; filter, 0.75 mm copper; exposure time, 1400 ms; zoom factor, 3300). The scans were oriented so that the skull was upright and the hard palate was horizontal, with Amira 5.4.2 software (FEI Visualization Sciences Group, Burlington, MA, USA). Three volumes of interest (VOI) were selected: (1) anterior and (2) posterior maxilla, and (3) zygomatic bone. The limits of the maxillary VOI were set as follows: (1) canalis incisivus; (2) distal border of the tuberosity; (3) floor of the nasal cavity in the anterior and palatal roof in the posterior region; and (4) at half of the height between the most caudal point of the alveolar process and the palatal roof, the width of the alveolar process was used as the medial limit (minimum, 7 mm). At the distal aspect of the canine, considering mean values of tooth widths, the maxilla was separated into an anterior and posterior part. The limits of the zygomatic bone were set as follows:
(1) sutura zygomaticomaxillaris; (2) most caudal point of the orbita; and (3) distal border of the processus frontalis ossis zygomatici.
Assessment of trabecular bone quality parameters
The three VOIs were analysed by Definiens Developer XD 2.1 (Definiens AG, Munich, Germany). Trabecular and cortical bone were differentiated as follows. First, the void volume outside the bone was separated from the void volume inside the bone. For this separation, 'region growing' was performed with the bone as a seed. The bone was coated with an 8-pixel thick (560 mm) layer of a temporary class. Regions of void, which were contained inside this temporary class, were classified as void inside the bone, and the remaining void volume outside this class was classified as void outside the bone. 'Surface-tension-constrained region growing' was performed with void outside the bone as a seed into the temporary class. The surface tension prevented the void outside the bone from growing into gaps in the bone. The temporary class, which remained after this growing step, was classified as void inside the bone. The sinus volume was automatically added to the void outside the bone, based on the relation between its large volume and relatively small contact length toward bone.
A Canny edge detection (Canny, 1986) was performed to help with the separation of cortical and trabecular bone. 'Surface-tension-constrained region growing' was performed using the void outside of the bone as a seed. Starting from this seed, the cortical region was allowed to grow into bone with a high bone volume fraction in the surrounding volume (i.e., cortical bone but not trabecular bone). The growing was additionally constrained by the previously detected edges. In the therefrom-resulting trabecular bone area, the following trabecular bone quality parameters were assessed: The segmentation results were exported as binary images of the trabecular VOI within the bone. These binary images were used to define the region of interest (ROI) in ImageJ 1.48v software (Schneider et al., 2012) . The following measurements were performed with BoneJ 1.3.11 software (Doube et al., 2010) . The ROI was defined with 'analyze particles', and the results were loaded into the ROI manager. This ROI was used for measuring Tb.Th and Tb.Sp. BS was measured by means of the 'isosurface'-tool without down-sampling. Before Conn.D was measured, 'purify' was used for reduction, excluding small, unconnected parts of the trabecular structure, resulting in a single connected object in the image, which is required for obtaining correct results with the connectivity measurement. The SMI was also measured without down-sampling; otherwise, the default settings were used.
Statistical analysis
Normal distribution of the data was proven graphically (QeQ plot). For comparison between the regions (anterior and posterior maxilla, zygomatic bone), one-way ANOVA was used, and, in cases of significance (p < 0.05), the LSD post-hoc test was applied. Sex comparison was performed by independent t-test, and correlations were analysed by Pearson's correlation coefficient. Statistical analysis was performed with a statistical program (SPSS Version 19.0, Chicago, IL, USA), and p-values <0.05 were considered as statistically significant.
Results
Trabecular bone qualitydcomparison between regions
Trabecular bone quality parameters of all regions are summarized in Table 1 . Throughout the results, the anterior maxilla and the zygomatic bone presented comparable values and, for all parameters, except for Conn.D, were significantly different from the posterior maxilla. For the parameters BV/TV, BS/TV, Tb.Th, and Tb.N, the posterior maxilla presented significantly lower values, while for the parameters BS/BV, SMI, and Tb.Sp, the values were significantly higher. In particular, for BV/TV, huge differences were detected between the assessed regions, with the maximum value of the posterior maxilla being similar to the minimum values of the anterior maxilla and the zygomatic bone. The SMI presented, for all regions, a more rod-like trabecular structure, especially for the posterior maxilla, with a value close to the maximum of three.
Trabecular bone qualitydcomparison between the sexes
The sex comparison of the trabecular bone quality parameters is presented in Table 2 . The parameters BV/TV, BS/TV, Tb.Th, and Tb.N presented, in all regions, higher mean values for males but the differences were not statistically significant. Further, the mean values of BS/BV were lower for males, with a significant difference for the zygomatic bone. SMI and Tb.Sp presented rather 
Discussion
For masticatory rehabilitation of the maxilla, various implant anchorage sites are possible. Knowledge of their bone structure supports clinical decision-making and developments in implant technology. The cortical and trabecular structure of the maxilla has been well investigated. An attractive alternative, which is increasingly chosen in patients with a severely atrophied maxilla to avoid extensive patient morbidity and cost-intensive bone augmentation procedures, is the zygomatic bone. However, data on its bone quality, especially in direct comparison with the maxilla, are still scarce. Hence, the present microCT-based study aimed to provide a comparison of the quality of the trabecular compartment, which is essential for implant osseointegration, between the maxilla and the zygomatic bone. Trabecular bone parameters of the anterior and posterior maxilla and of the zygomatic bone were evaluated in 12 human cadaver heads. While the trabecular bone quality was comparable between the anterior maxilla and the zygomatic bone, the bone of the posterior maxilla was significantly inferior in quality.
The available lengths of zygomatic implants vary from 30 to 52.5 mm, but only about one-third of the total implant length is regularly osseointegrated into the zygomatic bone (Nkenke et al., 2003; Corvello et al., 2011; Balshi et al., 2012) . Still, a recent finite element analysis suggested that at least 15 mm of zygomatic bone support is required to significantly reduce the resulting stresses on the fixture/bone interface (Romeed et al., 2014) . The available quantity of zygomatic bone at the implant anchorage site is dependent on various factors such as the placement of one or two implants/site, the insertion technique, and the patient's ethnicity, sex, and body height. Mean bone-to-implant contact in zygomatic bone was evaluated at between 14.0 and 16.5 mm (Nkenke et al., 2003; Van Steenberghe et al., 2003; Balshi et al., 2012) . The original Brånemark technique presented a significantly shorter boneto-implant contact (8.4 mm) compared with the exteriorized technique (14.1 mm) (Corvello et al., 2011) . Further, next to the sex effect with preferences for males, a shorter body height (<160 cm) was associated with mean values below 10 mm and a minimum of only 6.4 mm compared with mean values of 18.8 mm at a body height above 160 cm (Uchida et al., 2001) .
Next to the amount of available bone, its quality is a major determining factor for primary implant stability, which is mainly achieved by cortical anchorage, and subsequent successful osseointegration, which is primarily supported by the trabecular compartment. Except for one histological analysis (Nkenke et al., 2003) , the zygomatic bone quality was assessed, thus far, by three microCT-based trials assessing Japanese specimens (Kato et al., 2004 (Kato et al., , 2005 Yoshino et al., 2007) . A tooth-loss-dependent change in the trabecular structure of the zygomatic bone was described; dentate specimens presented a higher trabecular bone density, thicker trabeculae, and a more plate-like and constantly oriented trabecular structure (Kato et al., 2004; Yoshino et al., 2007) . These differences were enforced in the area of the Jugale point (defined as the most concave point between the lateral margin of the upper zygomatic bone and the upper margin of the zygomatic arch), where masseter muscle and fascia temporalis adhere. Hence, the trabecular structure of the zygomatic bone appears to be significantly influenced by occlusal stress and biting forces. In a subsequent study, Kato et al. (2005) confirmed, for edentulous specimens, a higher trabecular bone quality (higher bone volume fraction with thicker and more plate-like structured trabeculae) in the Jugale region, which also represents the apical anchorage site of zygomatic implants. Possible differences due to ethnicity (Nkenke et al., 2003; Liu et al., 2011; Kim et al., 2013b; Putman et al., 2013) and/or body height (Uchida et al., 2001) suggested the present microCT-based analysis in a Caucasian population. Compared with previous studies on edentulous specimens (micro-CT (Kato et al., 2005) and histomorphometric (Nkenke et al., 2003) analyses), a slightly higher bone volume fraction associated with a higher trabecular thickness was detected for the zygomatic bone. Nkenke et al. (2003) evaluated the trabecular bone quality of the zygomatic bone as poor when compared with the maxilla (Ulm et al., 1999) due to reduced trabecular connectivity. They assumed primary implant stability to be achieved mainly via multi-cortex stabilization (up to 4 times compared with 1 or 2 times for standard dental implants) (Nkenke et al., 2003) . To overcome limitations by comparison of separate studies with non-identical study populations (i.e., differences in time since last tooth loss, age, ethnicity, or sex), the present study performed an intra-individual comparison of the trabecular bone quality of the maxillary and zygomatic bone. The posterior maxilla presented reduced trabecular bone quality compared with both the anterior maxilla and the zygomatic bone. All significant differences reflected a poorer trabecular structure in the posterior maxilla e either higher or lower values (see Table 1 ). Further, the SMI indicated in all regions a mainly rod-like trabecular structure with values above two and closest to three for the posterior maxilla. Between the anterior maxilla and the zygomatic bone, no significant differences were detected for any trabecular bone quality parameter.
Comparison of the results on maxillary trabecular bone quality with previous histological data ( Ulm et al., 1999) confirmed a decreasing quality from anterior to posterior regions, but the values of the present study were in general slightly higher (i.e., minor differences for bone volume fraction and more distinct differences for trabecular thickness, separation, and number). Only the region of the first molar assessed by Ulm et al. (1999) presented a higher bone volume fraction compared with our 'posterior' results, which is presumably due to the inclusion of the maxillary tuberosity in the VOI in this study. Both, histology and microCT, represent standard techniques for bone quality evaluation. However, the data are not interchangeably comparable, and microCT analysis tends to overestimate the bone volume fraction and trabecular structure (Chappard et al., 2005; Bonnet et al., 2009) .
Other available microCT trials on maxillary trabecular bone quality (Fanuscu and Chang, 2004; Kim et al., 2013a) are in overall agreement. Kim et al. (2013a) set a similar VOI by dividing the anterior and posterior regions of the maxilla at the distal aspect of the canine. Minor differences are reasonably explained by a small sample size (n ¼ 4) and missing sex information in the study by Kim et al. (2013a) . Yet, a clear difference was present for SMI; Kim et al. (2013a) presented a distinctly more plate-like structure, with values between 1 and 1.2, compared with values above 2 in the present study. As Kim's study was performed in Korea, ethnicity might be considered a possible influencing factor.
Comparison with histological (Ulm et al., 1997 (Ulm et al., , 2009 Bertl et al., 2014) and microCT-based (Moon et al., 2004 ) studies on the mandibular trabecular bone quality presented overall higher values for the mandible, especially in posterior regions.
Any effect of sex on trabecular bone quality e as often shown in other studies (Ulm et al., 1999 (Ulm et al., , 2009 Nkenke et al., 2003; Bertl et al., 2014) e was not detected in any of the assessed regions. In general, a slightly higher quality among males was detected, but differences in mean values were insignificant. Possible confounding factors might be the missing data on age, time elapsed since tooth loss, regular wear of mandibular dentures, and intake of any medication affecting bone metabolism. These missing data represent, at the same time, the main limitation of the present study, although the impact on the results can be considered acceptable, as the primary comparison was intra-individual.
Conclusion
The first microCT-based data of the zygomatic bone in comparison with the anterior and posterior maxilla in a Caucasian population are presented. While the zygomatic trabecular bone quality was previously suggested to be poor compared with the maxilla (Nkenke et al., 2003) , the present intra-individual analysis proved a comparable trabecular bone quality of the zygomatic bone with the anterior maxilla. Further, both were significantly superior to the posterior maxilla, which might contribute to the inferior outcomes of implant survival rate reported for the posterior maxilla (Ferrigno et al., 2002; Weng et al., 2003) . Altogether, the description of an equivalent trabecular bone quality of the zygomatic bone to that of the anterior maxilla presents valuable information for further research on zygomatic implants.
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